Purpose Life cycle assessments (LCAs) of forest-based products, such as beverage cartons, generally demonstrate lower greenhouse gas emissions than fossil fuel-based alternatives and often contain the implicit assumption that removal of carbon dioxide (CO 2 ) by a growing forest and emission of CO 2 at the end of a product's life cancel each other out such that the net emission is zero. This study aims to test the validity of this assumption of biogenic CO 2 neutrality in relation to beverage cartons by examining whether carbon stocks of the source forests are stable. The fact that over 95 % of the cartonboard used in their manufacture is sourced from the boreal forests of Sweden and Finland provides a scenario with a straightforward relationship between forest and product thus avoiding issues surrounding the complexities of global supply chains. Methods The reviewed LCAs conclude that beverage cartons have lower greenhouse gas emissions than alternatives, although non-forest-derived components such as plastic caps and aluminium laminate often contribute disproportionately to those emissions. We discuss issues surrounding the assumption of biogenic CO 2 neutrality and explore the factors that influence carbon stocks in boreal forests that supply much of the raw material for beverage cartons.
Introduction
The use of forest products in packaging is expected to have lower greenhouse gas emissions than fossil fuel-based alternatives, mainly due to sequestration of carbon in the forest.
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The climate change impact of a particular product or process is generally quantified by a life cycle assessment (LCA) that assesses potential environmental impacts across its entire lifecycle from raw material extraction, to manufacturing, packaging, distribution, use and end of life (Hellweg and Milà i Canals 2014) . In the case of forest-based products, LCA studies typically assume that the removal of carbon dioxide (CO 2 ) by a growing tree and emission of CO 2 at the end of a product's life cancel each other out such that the net emission of biogenic CO 2 (derived from non-fossil and biodegradable organic matter) is effectively zero (Rabl et al. 2007 ). However, there are a growing number of studies which suggest that biogenic CO 2 is not necessarily neutral (Holtsmark 2013; Helin et al. 2013) due to CO 2 losses associated with harvesting, for example. Thus, the net effect of a growing forest together with emissions associated with harvesting and associated processes need to be explicitly accounted for in an LCA.
In this literature review, we address the question of whether beverage carton packaging made from forest products has lower or higher greenhouse gas emissions than alternative packaging options, once biogenic CO 2 is taken into account, and review current research on carbon sequestration in European forests. This study updates previous reviews of beverage carton LCAs (von Falkenstein et al. 2009; von Falkenstein et al. 2010 ) and examines recent LCAs that assess the greenhouse gas emissions, among other environmental indicators, of European beverage cartons in comparison with alternatives. Beverage cartons are short-lived forest products that consist of 75-90 % cartonboard, a material produced from virgin wood fibre harvested from forests. In Europe, the raw material is sourced from managed boreal forests of Finland and Sweden for manufacture of over 95 % of beverage cartons in Europe (ACE 2013a, b) . The examination of beverage cartons manufactured in Europe avoids the complexities of the range of forest and wood fibre types found in globalised supply chains, sidestepping an important criticism of LCA analyses in their use of simplistic forest carbon models (Newell and Vos 2012) , providing a scenario with an uncomplicated relationship between forest and product that allows for a simplified analysis of whether inclusion of biogenic CO 2 will alter the conclusions of beverage carton LCAs. We conduct a literature review to compare the LCA greenhouse gas emissions of beverage cartons versus fossil fuel-based alternatives, review the evidence on how best to integrate forest carbon into LCAs to achieve a true Bcradle to grave^assessment of beverage carton packaging, test whether assumptions of biogenic CO 2 neutrality are true in the case of beverage cartons by examining trends in carbon stocks of the source forests, and discuss how assumptions surrounding the issue of biogenic CO 2 in LCAs may change under future climate change.
2 Life cycle assessments-beverage cartons compared to alternatives For this review, LCA studies on beverage cartons were selected for detailed consideration based on the criteria that the study (1) follows current LCA methodology (i.e. ISO 14040 and 14044-ISO 2006a, b) and was conducted post-2006 using the latest revision of ISO standards, (2) considers the global warming potential (GWP) of the product in terms of greenhouse gas emissions over a fixed time period, (3) compares beverage cartons to an alternative type of packaging, (4) was conducted in Europe, and (5) provides quantitative information in an accessible format (e.g. data tables). Although the revision of LCA methodology standards in 2006 did not involve significant content changes, the use of a convenient post-2006 cutoff point avoids many of the studies already reviewed in previously published studies (von Falkenstein et al. 2009; von Falkenstein et al. 2010) . Note that, due to the rarity of recent beverage carton LCAs, two studies (Detzel et al. 2008; Labouze et al. 2008 ) covered by von Falkenstein are also reviewed for this study. The selected studies are from a range of European locations and cover a wide range of assumptions including different boundary conditions and end-of-life treatments and assumptions, as well as different packaging types, sizes and beverages (predominantly milk and juice) ( Table 1 ). The studies considered numerous beverage carton types which can include a thin layer of polyethylene (for chilled cartons) or thin layers of aluminium and polyethylene for longer life products (James 2010) with optional plastic openings of high-density polyethylene (HDPE). All of the studies considered were attributional LCAs that assess the environmentally relevant flows of a product system rather than consequential LCA that describes how environmentally relevant flows change in response to possible decisions made (Curran et al., 2005) . While the majority of the studies were full LCAs, which looked at a range of environmental indicators, our analysis only considered the greenhouse gas emissions (expressed in units of CO 2 equivalents) over the lifetime of the product.
Despite the variation in boundary conditions and assumptions, the selected LCA studies concluded that beverage cartons have lower greenhouse gas emissions than the alternative packaging types considered (Table 1) . This is in line with an earlier meta-analysis of 22 LCA studies from 1997 (von Falkenstein et al. 2009 von Falkenstein et al. 2010) . Although most studies found beverage cartons to have the lowest greenhouse gas emissions, two studies found slightly lower emissions for an alternative non-renewable resource-derived packaging, i.e. 400 mL plastic stand-up-pouch food containers (Labouze et al. 2008 ) and 1.5 L HDPE milk containers (Detzel et al. 2008) , and another came to no firm conclusion due to difficulties comparing different packaging types (Meyhoff Fry et al. 2010a, b) . In the studies reviewed, the greenhouse gas emissions of beverage cartons were generally much lower (>50 %) than glass, occasionally much lower and generally lower (10-50 %) than PET bottles, and generally lower (10-50 %) than HDPE bottles. The high energy consumption of glass (Labouze et al. 2008 ) and plastic production (Jelse et al. 2009 ) is a key factor contributing to their higher emissions. Thus, all other things being equal, the LCAs reviewed indicate that beverage cartons have lower emissions relative to fossil fuel-derived packaging whose end-of-life CO 2 emissions are not offset by any removals. Production of raw materials and the beverage cartons themselves were shown to contribute the majority of the greenhouse gas emissions (Detzel et al. 2008; Labouze et al. 2008; Meyhoff Fry et al. 2010b, a; Pasqualino et al. 2011) , with the most basic 'brick' beverage carton having the lowest emissions (Jelse et al. 2009 ). The use of plastic and aluminium components of the beverage carton contributed disproportionately to emissions. For example, plastic cap production accounted for nearly 25 % of the lifetime greenhouse gas emissions for beverage cartons in one LCA (Meyhoff Fry et al. 2010b) . Similarly, aluminium laminate, although a small fraction of the beverage carton weight, made a relatively high contribution to greenhouse gas emissions due to the high energy intensity of virgin aluminium production (Jelse et al. 2009; Detzel et al. 2008) , more than either the carton board or the plastic components (Detzel et al. 2008; Labouze et al. 2008 ). Greenhouse gas emissions could be minimised through the use of lightweighting to reduce the weight of packaging (James 2010; Meyhoff Fry et al. 2010a, b) or through the use of polyamide instead of aluminium as a barrier layer (Wellenreuther et al. 2012) .
The LCA studies reviewed indicate that over a wide range of conditions, end-of-life treatments and other key assumptions, beverage cartons have lower greenhouse gas emissions than alternative packaging materials such as glass bottles, PET bottles and HDPE bottles. Note these findings on greenhouse gas emissions do not necessarily apply to other environmental impacts. Some studies found that beverage cartons had higher aquatic eutrophication impacts than plastic alternatives (e.g. Detzel et al. 2008; Xie et al. 2011) , for example, highlighting the importance of broader environmental issues in any policy reviews on alternative packaging. Furthermore, the reviewed LCAs do not quantify changes in biogenic CO 2 and refer only to fossil carbon and biogenic non-CO 2 emissions. This issue of biogenic CO 2 is explored in the next section.
3 LCA and biogenic carbon neutrality LCA has strengths and weaknesses. It provides an objective and systematic means of assessing a wide range of environmental impacts for a product or service, but the results are very specific to the methodology and assumptions of each study. Each study defines system boundary conditions that refer to the processes in the products' life cycle used to determine the total climate change impact of the product. Several detailed reviews of LCA studies on paper and wood products have identified a number of key assumptions that can significantly affect the results of LCAs associated with forestry products (Villanueva and Wenzel 2007; Sathre and O'Connor 2010; Gaudreault and Vice 2011) . These include many assumptions that also apply to fossil fuel products, e.g. where the system boundary is drawn, what method is used to allocate recycling loads/benefits, what avoided energy or materials are substituted for, various waste treatment assumptions such as rates of decomposition in landfill, as well as assumptions that are specific to paper-and wood-based products such as the treatment of biogenic CO 2 . For example, including wood 'saved' by recycling, attributing 100 % of recycling benefits to the virgin material replaced or comparing avoided energy at the end of life with electricity generated with coal or gas may all significantly impact on the outcome.
While LCA studies may generate uncertain outcomes, the overall results still allow for broad conclusions to be drawn (Brandão et al. 2012 ) making LCA a useful tool for comparative studies where assumptions can be standardised. For paper-and wood-based products, it is generally assumed that biogenic CO 2 is neutral, whereby the removal of carbon by growing forest biomass and emission of carbon at the end of a product's life cancel each other out so that the net effect of uptake and emission is assumed to be zero (Rabl et al. 2007 ). This assumption is rarely challenged even though there is emerging evidence that it may not always be true in practice and could significantly impact the estimated lifetime greenhouse gas emissions of a product. For example, all the studies reviewed (Table 1) have assumed biogenic CO 2 neutrality while emissions of other biogenic carbon compounds (e.g. methane and carbon monoxide) at end of life such as through decomposition in landfill, as well as CO 2 emissions from fossil fuel use, are explicitly estimated in LCAs.
A key issue concerning biogenic CO 2 neutrality is the concept of a 'carbon debt' originally applied in relation to biofuels, but applicable to any wood-based product as it requires consideration of emissions associated with harvesting and any changes in forest carbon stocks brought about by altered management. Clearing a forest or grassland to plant crops for biofuel production can release large amounts of trapped carbon, an upfront carbon debt, which might be repaid over time via emissions avoided by using biofuels to replace fossil fuels (Searchinger 2010 ). In the case of managed forests that are regularly harvested, but not cleared, an analysis shows that increases in wood harvesting rates to produce bioenergy could involve a loss in forest carbon stocks that may take many years to 'payback' through forest regrowth even taking into account the fossil fuel emissions avoided by the use of bioenergy (Manomet Center for Conservation Sciences 2010; Zanchi et al. 2010; Cherubini et al. 2011; EEA Scientific Committee 2011; Hudiburg et al. 2011; McKechnie et al. 2011; Holtsmark 2012; Schulze et al. 2012) . Thus, there is a trade-off between a more intensive harvesting of forests and minimising reductions in total forest carbon stocks (Holtsmark 2012) . Earlier harvest times and shorter rotation periods lead to younger stands and lower forest carbon stocks compared to forests with more mature trees and, therefore, greater carbon emissions to the atmosphere in the short to medium term. Various factors influence the 'payback period' for the carbon debt including the use of thinnings, residues or additional fellings (Zanchi et al. 2010) ; wood from slow growing boreal or faster growing temperate forests (Holtsmark 2012) ; alternative uses of biomass (McKechnie et al. 2011) ; future forest management and natural disturbances (Manomet Center for Conservation Sciences 2010); and changes in other forest carbon pools (James 2012) .
Despite calls for the explicit accounting for biogenic CO 2 emissions and removals (Rabl et al. 2007 ), most LCAs assume that forest carbon stocks remain stable (i.e. neutral biogenic CO 2 ). An LCA for a wood-based product needs to address the increase or decrease in carbon stocks from the forest together with fossil and biogenic carbon greenhouse gas emissions resulting from production, use and disposal of that product. If it is assumed that net biogenic CO 2 emissions are zero, then this assumption needs to be made explicit with reference to the forest origin, to ensure transparency and whether the assumption of stable forest carbon stocks is reasonable. Ideally for the purpose of an LCA, data would be available on carbon stock changes from individual commercial forests, but this may be difficult in practice when products are typically sourced from multiple forests as well as the lack of traceability for non-certified wood products.
Boreal forest carbon
The inclusion of biogenic CO 2 requires an understanding of factors that influence managed forests. Thus, it is important to examine what factors influence carbon stocks of boreal forests that supply the cartonboard used for beverage carton manufacture in Europe and influence their life cycle greenhouse gas emissions.
Boreal forest carbon stocks
Boreal forests, found in high latitudes across North America, Eurasia and Fennoscandia, exhibit relatively low rates of carbon sequestration (Pregitzer and Euskirchen 2004; Nabuurs et al. 2008) due to their slow growth. However, the slow decomposition in the soil, dead wood and leaf litter (Burton et al. 2010 ) makes them an important global carbon stock accounting for roughly 32 % of the total forest carbon (Pan et al. 2011 ). The soil is the largest carbon pool in boreal forests, roughly three to six times the size of the aboveground biomass carbon pool (Dixon et al. 1994; Kasischke et al. 1995; Pan et al. 2011) .
In Finland and Sweden, over 92 % of the largely boreal forest area consists of managed forests (Ylitalo 2012; Wigrup 2012) , with protected forests making up the remaining 8 %. Although there is no significant difference in carbon sequestration rates reported for managed and unmanaged boreal forests (IPCC 2006) , the carbon stocks of unmanaged boreal forests are larger than managed forests per hectare due to higher stand density, more biomass and greater litter production (Karjalainen 1996; Thornley and Cannell 2000; Finér et al. 2003; Garcia-Gonzalo et al. 2007; Luyssaert et al. 2008 ).
Current forest carbon trends in Finland and Sweden
In the case of Finland and Sweden, national inventory data provides estimates of total carbon in these predominantly managed forests. Total national sequestration rates (a figure that includes all forest carbon pools and not just changes in biomass) have been increasing since 1990 in Finland, with a slight downward trend in Sweden over the same time period (SEPA 2012; Statistics Finland 2012) , resulting in a slight upward trend for the two nations combined (Fig. 1) . These figures are equivalent to a mean sequestration rate of 0.38 t C ha −1 year −1 in 2010 for the boreal forests of Finland and Sweden, similar to other reported rates (FAO 2010), but slightly lower than the global boreal forest rate of 0.45 t C ha −1 year −1 (Pan et al. 2011 ). The calculated rate for Finland and Sweden corresponds to an annual increase in total forest carbon of 0.9 %, which confirms that carbon stocks of the forests used to supply the raw material for beverage cartons are growing, even with current rates of harvest. This is in line with a wider European study that reported forest growth was greater than removals from forests for the past 20 years (Köhl et al. 2011) . The fact that these forest carbon stocks are currently stable suggests that established management practices have not led to increases in the 'carbon debt' discussed earlier.
Future climate change impacts and potential management responses
Climate change impacts on boreal forests are difficult to predict. Increased levels of CO 2 in the atmosphere may bring about increased rates of photosynthesis and net carbon sequestration (Smith et al. 2006; Hyvönen et al. 2007 ). Other studies suggest the opposite as forests may not be carbon limited and so increased atmospheric concentrations will not necessarily lead to enhanced growth (Millard et al. 2007 ). Climate warming has already resulted in some Russian boreal forests becoming net sources of CO 2 (Milyukova et al. 2002) , as losses due to increased soil and plant respiration were greater than any gains in sequestration due to enhanced photosynthesis. There is also an additional risk of increased fire frequency and insect outbreak disturbances associated with climate change (Kurz et al. 2008; Fischlin et al. 2009 ). These disturbances can lead to lower boreal carbon stores and increased emissions (Lucier et al. 2009 ). Currently, there is no firm consensus in the literature of what the net outcome of climate warming will be for boreal forest carbon stocks (DeLuca and Boisvenue 2012), although climate change is likely to lead to significant carbon losses in the boreal zone from peatland soils due to melting of permafrost (Zimov et al. 2006) . Forest management can protect forest carbon in three key ways: conserving and increasing forest area, maintaining and increasing net carbon sequestration rates, and reducing fossil fuel use and disturbance impacts of management practices (EUSTAFOR 2012). For example, disturbances associated with site preparation can lead to a net loss of soil carbon, (Jandl et al. 2007 ) while relatively short rotation times may not be optimal from an overall carbon management point of view (Schulze et al. 1999; Luyssaert et al. 2008) . Management practices such as longer rotation periods and altered thinning regimes can help maintain and enhance forest carbon stocks (Garcia-Gonzalo et al. 2007; Grant and Nalder 2000; Thurig and Kaufmann 2010; Gelman et al. 2013) . This has to be balanced against relatively low rates of carbon sequestration in boreal forests (Pregitzer and Euskirchen 2004; Nabuurs et al. 2008 ) which means there may not be much capacity to expand this carbon sink through enhanced management (Bradshaw et al. 2009; DeLuca and Boisvenue 2012) .
Integrating forest carbon into LCAs
While the reviewed LCAs show that beverage cartons, derived from a renewable resource, generally have a lower climate change impact than alternatives, this conclusion is based on the assumption that biogenic CO 2 is neutral. In reality, the issue ultimately depends on the balance between forest carbon removals through harvesting and carbon absorbed by the growing forest over a fixed amount of time (Fig. 2) . This balance will also be influenced by management changes that lead to younger stands and lower carbon stocks, losses due to disease or drought as well as climate change impacts.
Integrating biogenic CO 2 into LCAs of forest products
There have been a number of attempts to integrate the complex relationship between the biological carbon cycle (the forest ecosystem) with the industrial carbon cycle (forest products) (e.g. Schlamadinger and Marland 1996; Apps et al. 1999; Côté et al. 2002; Gower 2003; White et al. 2005; Profft et al. 2009; Pingoud et al. 2010; Eriksson et al. 2010; McKechnie et al. 2011) , but the complexities of forest carbon stocks and exchanges, the globalisation of forest product supply chains as well as the diversity of products from a given forest make this a difficult task (Profft et al. 2009 ). LCAs do not aim to assess the complexity of forest carbon dynamics, and so approaches to include the carbon emission and sequestration of managed forests remain controversial (Helin et al. 2013) , leading to calls for stronger research links between academics working on forestry carbon models and those conducting LCAs of forest products (Newell and Vos 2012) .
We found only one study relevant to beverage cartons that accounts for biogenic CO 2 in its analysis using a method that explicitly includes estimates of forest carbon sequestration (CEPI 2007) applied to a carbon footprinting study of cartonboard (Eriksson et al. 2010) . This study found a reduction of 65 % in the greenhouse gas emissions (from 1127 to 397 kg CO 2 eq./tonne cartonboard) if the potential offset from net CO 2 sequestration from the living biomass of the managed European forests from which the raw material is harvested was included. This highlights the fact that the greenhouse gas emissions for a forest product as assessed by LCAs can be very sensitive to whether or not biogenic CO 2 sequestration is included. The methodology used by Eriksson et al. (2010) calculated net annual sequestration from the entire forest area of a country including both managed and unmanaged forests, even though these may differ in their sequestration rates and carbon stocks (Luyssaert et al. 2008 ). In addition, the overall carbon sequestration offset would be lower when considering boreal forests alone rather than including European temperate forests. Nevertheless, the analysis by Eriksson shows that European boreal forests are a significant carbon sink. Including forest carbon changes in the LCA can potentially have a strong effect on the greenhouse gas emissions associated with a forest product over its lifetime. This can be positive in the case where forest carbon stocks are stable or increasing (Eriksson et al. 2010 ) but may also be negative (Guinée et al. 2009 ). In a broad sense, the fact that forest carbon stocks in Finland and Sweden, which supply the raw material for beverage cartons, are currently stable and even growing slowly (Fig. 1) would suggest that the assumption of biogenic CO 2 neutrality for the LCA studies reviewed is valid and the inclusion of changes in forest carbon may even reduce the lifecycle greenhouse gas emissions calculated in various LCA studies. Furthermore, the well-established management practices for these forests is sufficient to supply current demand for raw material for beverage cartons and so it is unlikely that the 'carbon debt' associated with harvesting discussed earlier will challenge current assumptions of biogenic CO 2 neutrality in this specific case. This strengthens the case for beverage cartons as a lower carbon packaging alternative.
However, there is no universally accepted methodology for how best to account for biogenic CO 2 in an LCA of a forest product and it is not currently possible to link changes in forest carbon stocks with a specific forest-based product. Further investigation is required with emphasis on collecting data on changes in carbon stocks in managed forests and improving the traceability of forest-based products to specific forests so as to better enhance the precision of LCAs with respect to biogenic CO 2 . In this study, we have used published regional estimates as to assess whether the carbon stocks of source forests for cartonboard are increasing or decreasing so as to test the assumption of biogenic CO 2 neutrality. Ideally, the wood used for the forest product should be traced back to the source forest through chain of custody certification, for example, and these forests should provide data from a quick carbon stock assessment protocol for foresters that is repeated on a regular basis such as one recently developed for tropical forests (Berenguer et al. 2015) . The important point is that any changes (positive or negative) in carbon stocks through harvesting need to be taken into account in an LCA. If a forest product is being harvested from an unsustainably managed forest in terms of forest carbon, such that net forest carbon stocks are decreasing due to harvest removals that are not Fig. 2 Simple schematic illustrating net impact of the inclusion of forest carbon under two different scenarios of a a growing or b shrinking forest carbon pool after harvest is taken into account. Note that units are arbitrary and do not represent measured changes in carbon. In this schematic, the amount of carbon harvested for use in the forest product is the same, and although the net carbon sequestration is low compared to the total carbon stocks in both forests, forest A has absorbed twice as many units of carbon as forest B. Note that the schematic does not consider further complexities of forest carbon dynamics that may influence continuing absorption of carbon at t 1 , such as potentially increased net carbon sequestration due to thinning replaced by the growing forest, this should be reflected in its lifetime greenhouse gas emissions. Equally, the carbon gains in a well-managed forest should also be accounted for, potentially leading to lower greenhouse gas emissions for a forest product.
Future treatment of biogenic carbon in LCA
It is clear that LCAs should not make the implicit assumption of biogenic CO 2 neutrality, but instead explicitly include biogenic CO 2 removals and emissions in any LCA involving forest products. The best method to properly account for biogenic CO 2 is still open to debate. The relatively simplistic method used by Eriksson et al. (2010) that apportions part of the annual net sequestration from a region's forest to a forest product is likely to reduce the greenhouse gas emissions of beverage cartons since the forests of Sweden and Finland are stable in their total forest carbon stocks. However, this only applies to European-manufactured beverage cartons because these forests supply the vast majority of the raw material for manufacture (ACE 2013a, b) . These issues become much more complicated for non-European beverage cartons due to globalised supply chains which may involve a range of forest types and different forest management systems.
It has been noted in a meta-analysis that none of the LCAs on beverage cartons covered the origin of wood resources and that 'in the future this issue could become crucial for the credibility of LCA results for product systems based on biomass resources ' (von Falkenstein et al. 2010) . Future LCAs should include information on whether the paperboard is certified by bodies such as the Forest Stewardship Council (FSC) which often includes chain of custody certification (FSC 2013) and other information on the origin of wood (as well as the origin of non-wood resources like petroleum and metals) (von Falkenstein et al. 2010) .
In practice, this would mean that the origin of wood for a product is known, and if it can be demonstrated that the carbon stocks in those forests are stable, then it is reasonable to assume that biogenic CO 2 is neutral thus any emissions at end of life can be effectively discounted. However, where the carbon stocks in the forest are increasing or decreasing (net sequestration is negative or positive), then this should be included in the LCA. In cases where the wood origin is unknown, then a sensitivity analysis should be conducted, based on a worstcase scenario. This implies a need for much better data on wood origin and forest carbon stock changes than probably exists at present. Country National Inventory Reports for the United Nations Climate Change Convention could be used as an approximation, although adjustment is necessary for any country with a high proportion of natural or protected forests as carbon sequestration by these forests should not be used to credit a product's footprint.
Conclusions
The comparative LCA studies of different packaging materials reviewed all concluded that the greenhouse gas emissions of beverage cartons are generally lower than alternatives. While use of plastic openings and the aluminium content of beverage cartons have a disproportionate impact on the lifetime greenhouse gas emissions, the production of raw materials and the beverage cartons themselves contribute the majority of the emissions.
An LCA for a wood-based product needs to explicitly address assumptions of biogenic CO 2 neutrality using data on forest carbon stocks, as well as any greenhouse gas emissions resulting from production, use or disposal of that product. The reviewed LCAs assumed that net biogenic CO 2 emissions were zero and did not explicitly estimate the removal of carbon by the growing forest or emissions of CO 2 at the end of the product's life. However, the fact that the individually managed certified forests of Finland and Sweden are likely to be net carbon sinks would support the conclusions from the comparative LCA studies and suggests the greenhouse gas emissions of European-manufactured beverage cartons may be even lower than estimated once biogenic CO 2 is taken into account. Thus, an assessment of changes in carbon stocks in the forests that supply the raw material for the forest product offers a logical way to assess the key assumption of biogenic CO 2 neutrality. If the source forests can be demonstrated to be stable in terms of their carbon stocks, as is the case for the boreal forests of Sweden and Finland that supply the cartonboard for beverage cartons in Europe, then the assumption of biogenic CO 2 neutrality is valid. For more complex supply chains, this approach may not be practical, although it would sidestep the fact that there is still no accepted methodology for integrating biogenic CO 2 emissions into LCA and instead allow the key assumption of biogenic CO 2 neutrality to be assessed. In cases where the wood origin is unknown, then a sensitivity analysis should be conducted, based on a worst-case scenario. This will require better data on the origin of wood and improved data on changes in forest carbon stocks/net sequestration. Country National Inventory Reports for the United Nations Climate Change Convention can be used as an approximation with appropriate adjustment where a country has a high proportion of natural or protected forests-as carbon sequestration by these forests should not be used to credit a product's footprint.
Future climate change impacts on forests are complex and uncertain with some studies predicting net growth due to warming and increased atmospheric CO 2 concentrations and others predicting net losses due to shifts in the balance of photosynthesis and respiration, as well as increased disturbances from wind, drought, fires, pests and pathogens that could reduce carbon stocks and offset any increased growth from higher temperatures. Flexible adaptive management systems will be essential to maintain and expand the large forest carbon stocks and ensure that the boreal forests of Sweden and Finland remain a stable and growing carbon sink. Sustainable forestry practices and proper enforcement of certification standards can assist in maintaining stable forest carbon stocks.
Furthermore, while this study has focused on carbon, there is a need to consider that forests, while vital for carbon absorption and storage, are complex ecosystems, essential for biodiversity conservation, places for recreation and spiritual renewal, as well as important industries with great economic value. Any consideration of the use of forests for forestry products also needs to balance these sometimes competing needs; decisions as to forest management should not be made on the basis of just one ecosystem service, such as carbon sequestration. In conclusion, any advantage of wood-derived packaging such as beverage cartons depends, at least partly, on the maintenance of carbon stocks in the forests that supply the raw material.
